INTRODUCTION {#sec1-1}
============

During the winter of 2002--2003, a newly emerged infectious disease, the severe acute respiratory syndrome (SARS), appeared in Guangdong Province, China. With a novel coronavirus, the SARS‐associated coronavirus, as the etiologic agent \[Drosten et al., [2003](#bib19){ref-type="ref"}; Ksiazek et al., [2003](#bib39){ref-type="ref"}\], the disease spread rapidly across the world, infecting individuals in several countries with a fatality rate of ∼10% \[Gu and Korteweg, [2007](#bib26){ref-type="ref"}\]. In this study, a cDNA library was generated from the autopsy lung tissue of a SARS‐associated coronavirus (SARS‐CoV) infected patient by using random primers. cDNA cloning is a fundamental technology for researches in gene discovery and transcriptome analysis \[Harbers, [2008](#bib27){ref-type="ref"}\]. However, standard cDNA missed many transcripts that lack poly(A) tails \[Cheng et al., [2005](#bib13){ref-type="ref"}; Kapranov et al., [2007](#bib34){ref-type="ref"}\]. Reverse transcription reactions through alternative random primers of six nucleotides would have more tendency to clone transcripts lacking poly(A) tails, such as ncRNAs and ploy(A)--mRNAs, with more chances to find novel transcripts as compared to cDNA library generated by oligo (dT) primers. In addition, the data presented in this paper is also a human cDNA library generated from SARS‐CoV infected lung tissue, which might contribute to the human genomic analyses and the SARS pathological researches.

SARS‐CoV infection was reported to affect both host cell transcription and translation, and might cause inflammation, alter immune and stress responses, and modify the coagulation pathways \[Enjuanes et al., [2006](#bib20){ref-type="ref"}\]. SARS‐CoV infection has been investigated by several measures. Human peripheral blood mononuclear cells \[Ng et al., [2004](#bib46){ref-type="ref"}; Yu et al., [2005](#bib73){ref-type="ref"}\], the human hepatoma cell line \[Tang et al., [2005](#bib64){ref-type="ref"}\], the animal model of macaques \[de Lang et al., [2007](#bib17){ref-type="ref"}\], and young and aged mice \[Baas et al., [2008](#bib3){ref-type="ref"}\] that were infected with SARS‐CoV have been Microarray and RT‐qPCT analyzed to investigate the up‐ and down‐regulated genes and to explain the pathogenesis at the early time point after SARS‐CoV infection, or in the acute severe phase and convalescent phase to understand the gene expression profiles. Another analysis systematically profiled host responses of 40 clinically well‐described SARS patients during phases of illness from the onset of symptoms to discharge or a fatal outcome by sampling peripheral blood from the patients \[Cameron et al., [2007](#bib9){ref-type="ref"}\].

The SARS‐CoV library was then thoroughly studied and the gene products were characterized through GO annotation, the Gene Ontology Annotation project of the European Bioinformatics Institute \[Harris et al., [2004](#bib28){ref-type="ref"}\], which describes the biological process, cellular component, and molecular function of generic cells. GO annotation has been successfully used to analyses of differentially expressed genes before and after the virus infection \[Leu et al., [2007](#bib42){ref-type="ref"}\]. The knowledge on GO also provides a systematic inquiry and functional classification of etiologies of multifactorial diseases, increasing information that could improve the planning and the treatment of these illnesses \[Philip‐Couderc et al., [2004](#bib55){ref-type="ref"}; Prabakaran et al., [2004](#bib56){ref-type="ref"}\].

Many libraries that were sampled from human lung tissue of fetuses, tumor patients, or healthy adults are available in the expressed sequence tag (EST) division of GenBank, dbEST \[Boguski et al., [1993](#bib7){ref-type="ref"}\]. The amount of ESTs in dbEST (release 062008) that have been generated from human tissues currently exceeds 800 million. Through GO annotation, the transcripts of the SARS‐CoV infected lung library was categorized by gene functions and the abundances of the categories were compared with those of other libraries that were from human lung tissue and were downloaded from dbEST.

MATERIALS AND METHODS {#sec1-2}
=====================

Lung Sample and RNA Isolation {#sec2-1}
-----------------------------

A piece of lung tissue of a SARS patient was excised and frozen in liquid nitrogen immediately after his death. The research of the autopsy sample (kindly provided by professor Hongzhang Huang, Second Affiliated Hospital of Sun Yat‐sen University, Guangzhou, China) was after informed consent by the patient\'s family members and in accordance with Helsinki principles. Total RNA was extracted from this tissue sample using Trizol reagent (Gibco--BRL, Carlsbad, CA). RNAse‐free DNAse was used to remove genomic DNA contamination from RNA preparation.

cDNA Library Construction {#sec2-2}
-------------------------

The first‐strand cDNA was generated from total RNA by using random hexamer primers and SuperScript™ II (Invitrogen, Carlsbad, CA) according to the manufacturer\'s instructions. The second‐strand cDNA was synthesized by *E. coli* DNA polymerase I and primers were created by RNase H using the first‐strand cDNA as template. Residual nicks were then repaired by *E. coli* DNA ligase and the frayed termini of the double‐stranded cDNA were polished by bacteriophage T4 DNA polymerase. Finally, purified (Qiaquick PCR Purification Kit, Qiagen, Hilden, Germany) double‐stranded cDNA was ligated into pGEM‐T‐Easy (Promega, Madison, WI) and was transformed into *E. coli* cell DH10B.

EST Sequencing {#sec2-3}
--------------

Di‐deoxy terminator sequencing was performed from the 3′ end of the cDNA clones using M13 forward (5′‐GTTTTCCCAGTCAC‐3′) sequencing primer in a 96‐well format via cycle sequencing. After thermal cycling, sequencing reactions were processed and analyzed on a MegaBACE capillary sequencer.

Sequence Data Processing {#sec2-4}
------------------------

Vector sequences at both sides of ESTs were trimmed according to the result of BlastN searches against the pGEM‐T‐Easy vector sequence. ESTs were then assembled by CAP3 \[Huang and Madan, [1999](#bib30){ref-type="ref"}\] with default parameters. Contigs and singlets were referred to as assembled sequences or transcripts. GMAP \[Wu and Watanabe, [2005](#bib70){ref-type="ref"}\] was used to map assembled sequences to human genome assembles (NCBI Build 36). Unmapped sequences were Blast at NCBI nt database. Human exogenous sequences were then excluded. 7,872 assembled sequences were defined as human sequences, and the concerned ESTs, that is, ESTs from human genome but excluding those from ribosome and mitochondria, were submitted to NCBI under accession numbers: GD255082--GD264846.

Analysis of Protein Coding and Non‐Coding Genes {#sec2-5}
-----------------------------------------------

Human RNA and protein sequences were collected from the NCBI RefSeq dataset (Release 26) \[Pruitt et al., [2007](#bib57){ref-type="ref"}\]. BlastN and BlastX analyses were performed (E‐value \< 1E−10) between the 7,872 assembled human sequences and these two datasets. The numbers of best‐matching sequences in a range of identity and coverage were counted by a PERL script. Immune related sequences were collected according to the annotations of best‐matching sequences. BlastN program was also used to compare the 7,872 assembled sequences with non‐coding genes stored in miRBase \[Griffiths‐Jones et al., [2006](#bib25){ref-type="ref"}\] database (Release 13.0, miRNA hairpins dataset) and RNAdb (released date: September 2006) \[Pang et al., [2005](#bib51){ref-type="ref"}\]. Matched sequences were reported at a cut‐off E‐value of 1E−7.

Addressing Candidate Novel Transcriptional Loci {#sec2-6}
-----------------------------------------------

Four thousand eleven transcripts with lengths longer than 200 bp and having no significant similarity with NCBI RefSeq human datasets (E‐value cut off: 1E−10) were mapped to UCSC \[Zweig et al., [2008](#bib74){ref-type="ref"}; Kuhn et al., [2009](#bib40){ref-type="ref"}\] human genome (March 2006 assembly) by DNA BLAT search. The loci having best BLAT identities were manually explored through UCSC genome browser, with the configurations remained to the default values, and the tracks of "Human mRNAs" (data last updated: 21 March, 2009), "Human ESTs" (data last updated: 05 December, 2008), "Spliced ESTs," "H‐Inv," "UniGene," "SIB Alt‐Splicing," "GIS PET RNA" and all the tracks in the categories of "Pilot ENCODE Transcription" \[Birney et al., [2007](#bib6){ref-type="ref"}\] set to "full" option. All the tracks of tiling arrays and "RNA‐seq" in the categories of "Expression" also set to "full" option, the parameters of "Row signal" were set to "hide." These tracks record known transcriptional signals detected by different methods. The genome transcriptional signal at each locus was viewed and recorded through the track display in the browser. A locus was identified as novel if all the tracks showed no record.

Gene Ontology Annotation {#sec2-7}
------------------------

Other Six cDNA libraries (Table [I](#tbl1){ref-type="table"}) of human lung tissue were downloaded from the NCBI dbEST public database and were assembled by CAP3 the same way as the SARS‐CoV library was assembled. Each of the seven libraries was searched against EBI IPI (human 3.32) \[Kersey et al., [2004](#bib36){ref-type="ref"}\] dataset using BlastX program (E‐value \< 1E−10). In the Blast result, only the query sequences with length larger than 100 bp were reserved, which were then annotated by obtaining Gene Ontology (GO) IDs of the best‐matching sequences from the EBI human GOA (V53.0) \[Camon et al., [2004](#bib10){ref-type="ref"}\]. The stand along program GOBU \[Lin et al., [2006](#bib43){ref-type="ref"}\] and the WEGO \[Ye et al., [2006](#bib72){ref-type="ref"}\] web service were exploited to categorize the GO IDs based on the GO terms and hierarchical structure \[Ashburner et al., [2000](#bib2){ref-type="ref"}\]. These two programs led to the same GO result, that is, these two programs output the same relative GO ID counts of the assembled sequences falling to the main GO categories and to the second level GO categories. During the comparison of the annotation between the transcripts in the SARS‐CoV library and in the other six libraries, only those second level GO categories with significant relative count differences were considered and discussed where the relative counts of the SARS‐CoV library were the highest or the lowest among the seven libraries. The statistical significance of the relative count differences between the assembled sequences in the SARS‐CoV library and in the other six libraries was determined by using Wilcoxon Signed‐Rank Test with *P*‐value \< 0.05.

###### 

Other cDNA Libraries of Human Lung Tissue Used in This Study for Comparison Analysis

  Library name   dbEST ID      Description[a](#fn1){ref-type="fn"}                                          EST number
  -------------- ------------- ---------------------------------------------------------------------------- ------------
  MGC101         dbEST:10453   Epidermoid carcinoma                                                         9,166
  MGC69          dbEST:5608    Large cell carcinoma, undifferentiated                                       9,748
  dbEST16438     dbEST:16438   Fetal fibroblast                                                             3,339
  UICFEC1        dbEST:10395   Normal lung from adult and from fetal day 64, day 87, week 19, and week 42   12,971
  UICFDU1        dbEST:10398   Adult primary lung epithelial cells                                          12,742
  dbEST249       dbEST:249     Male, 72 years old                                                           13,244

All these cDNA libraries were generated by oligo‐dT priming.
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RESULTS {#sec1-3}
=======

Generation and Assembly of cDNA Sequences {#sec2-8}
-----------------------------------------

A cDNA library was generated from the autopsy lung tissue of a SARS patient, with a total of 10,801 DNA clones that ranged from 40 to 791 bp in length after vector fragments were manually clipped. Low complexity DNA sequences were not removed to preserve as much non‐coding region information as possible in the random primer library.

The sequences were assembled by using CAP3, which extended the maximal clone size to 6,193 bp and assembled 3,142 ESTs into 267 unique clusters, generating 7,926 unique sequences. The sequence length distribution, before and after assembly, is shown in Figure [1](#fig1){ref-type="fig"}.

![The length distributions for ESTs before and after assembly. The lengths of assembled ESTs (black bars) were prolonged comparing with that of ESTs before assembly (open bars), with the longest ESTs exceeding 6 kbp.](JMV-83-574-g001){#fig1}

Mapping to Human Genome and Identifying Foreign Sequences {#sec2-9}
---------------------------------------------------------

Among the 7,926 assembled sequences, 7,264 sequences (91.65%) aligned to human genome when mapping the transcripts to human genome assembles (NCBI Build 36) by using the program GMAP with the cut off parameters of coverage ≥ 80% and identity ≥ 90%. Lowering the GMAP cut off parameters to coverage ≥ 50% and identity ≥ 80% resulted in 7,675 matched sequences (96.83%). And more matched sequences (7,861 sequences, 99.18%) were obtained when the GMAP cut off parameters were lowered to coverage ≥ 10% and identity ≥ 45%.

Even in the loosest condition (coverage ≥ 10% and identity ≥ 45%), there were still 65 assembled sequences (0.82%) that did not match to human genome. These sequences were further BlastN searched against NCBI nt database and were divided into several groups (Table [II](#tbl2){ref-type="table"}) based on the similarity hits on sequences. Among these, 11 sequences matched to human sequences, which could be attributed to incomplete or alternate genome assembles; 10 SARS‐CoV RNA sequences were found, which were the clustering of 162 ESTs that accounted for 1.50% of the total cDNA library; 12 sequences were found highly similar with pneumonia‐related microbes (Table [III](#tbl3){ref-type="table"}); and some sequences had no significant E‐value (\>0.001) to any known sequences in the nt database, which were defined as non‐information sequences.

###### 

Classification of the 65 Transcripts That Did Not Match to Human Genome

  Classes[a](#fn2){ref-type="fn"}                           Number of assembled sequences   Number of ESTs
  --------------------------------------------------------- ------------------------------- ----------------
  Transcripts matched to human sequences from nt database   11                              11
  SARS‐CoV RNA sequences                                    10                              162
  Sequences similar to pneumonia‐related microbes           12                              13
  Non‐information transcripts[b](#fn3){ref-type="fn"}       32                              32
  Total                                                     65                              218

The classification was based on the annotations of the best matching homologs during BlastN searches of the 65 transcripts against the NCBI nt database.

The class "Non‐information transcripts" includes sequences that did not match to any known sequences (E‐value \>0.001).
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###### 

Transcripts With Significant Similarity to Pneumonia‐Related Microbes

  Accession                           Sequence length (bp)   Nt accession   Species                          Score   Coverage (%)   E‐Value   Identity (%)
  ----------------------------------- ---------------------- -------------- -------------------------------- ------- -------------- --------- --------------
  a0_000908                           138                    EF061771.1     *M. hominis*                     183     80             1E−43     96
  da0_004802                          128                    AF443616.3     *M. hominis*                     226     100            1E−56     99
  b0_000821                           135                    AF443616.3     *M. hominis*                     232     99             1E−57     98
  b0_000840                           212                    AF125581.1     *M. arginini*                    347     100            2E−92     93
  Contig267[a](#fn4){ref-type="fn"}   388                    AY737013.1     *M. arginini*                    695     100            0.0       99
  de0_010065                          626                    AE004091.2     *P. aeruginosa*                  325     72             2E−34     92
  de0_012036                          427                    AF440524.1     *P. aeruginosa*                  187     78             4E−44     72
  de0_003139                          44                     AY956411.1     *Stenotrophomonas maltophilia*   50.1    56             4E−04     100
  de0_007533                          112                    AJ746243.1     *S. maltophilia*                 141     91             5E−31     92
  de0_001693                          217                    BX640425.1     *Bordetella parapertussis*       150     95             7E−35     76
  db0_001118                          181                    CP000408.1     *Streptococcus suis*             269     100            1E−69     90
  db0_003991                          129                    AF269487.1     *Staphylococcus epidermidis*     129     98             2E−27     82

The contig was assembled from 2 ESTs.
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The remaining 7,861 assembled sequences that matched to human genome plus the 11 sequences matching to human sequences, which were composed of 7,614 singletons and 258 contigs from 2,980 ESTs, were considered as transcripts from human lung tissue and were used for further analyses. The concerned ESTs, that is, ESTs from human genome but excluding those from ribosome (810 ESTs) and mitochondria (19 ESTs), have been deposited in public databases \[GenBank accession numbers: GD255082--GD264846\].

Similarity Search Against NCBI Refseq Database and Immune Related Genes {#sec2-10}
-----------------------------------------------------------------------

The 7,872 assembled sequences from human lung tissue were further compared to the sequence collection that was annotated as species *Homo sapiens* in the NCBI RefSeq dataset (Release 26). Distribution of identity and coverage values of the best BlastN and BlastP alignments is shown in Figure [2](#fig2){ref-type="fig"}.

![Statistics of BLAST searches. **a**: BlastP search of assembled sequences against NCBI refseq human protein dataset. **b**: BlastN search of assembled sequences against NCBI refseq human RNA dataset.](JMV-83-574-g002){#fig2}

When cut‐off E‐value was set to 1E−10, 2,878 (36.56%) and 1,110 (14.10%) assembled sequences hit on RefSeq RNA and protein datasets, respectively. Among the 2,878 assembled sequences matching to the RefSeq RNA dataset, 305 matched with length coverage greater than 80% (Fig. [2](#fig2){ref-type="fig"}a). And in the 1,110 assembled sequences matching to the protein datasets, 917 aligned with length coverage from 20% to 80% and percentage identity from 40% to 100% (Fig. [2](#fig2){ref-type="fig"}b). The result demonstrated that, by comparing to human known or predicted sequences in NCBI Refseq dataset, many transcripts in the library were novel.

Result from similarity searching also indicated that many transcripts were highly similar to known genes related with cytokines, chemokines, adhesion molecules, and immune cells, and similar to genes associated with viral infection, for example, CCL5 (28 ESTs), IL28RA (28 ESTs), DQB1 (8 ESTs), VNN1 (6 ESTs), IL12RB1 (5 ESTs), and SIGLEC10 (5 ESTs), which mainly related with anti‐inflammatory, pro‐inflammatory, and immune regulation (Supplementary Table SI).

Candidate Novel Transcriptional Loci Identified by UCSC Human Genome Browser {#sec2-11}
----------------------------------------------------------------------------

Excluding the transcripts matching to NCBI RefSeq human datasets (E‐value cut off: 1E−10), the remaining 4,011 transcripts with lengths over 200 bp were mapped to UCSC human genome (March 2006 assembly) by using BLAT search. The transcriptional information at each best matching locus was analyzed with UCSC genome browser, which found 1,364 best matching loci (BLAT identity \> 97%) that lacked EST or mRNA signal records, or found 448 best matching loci that lacked EST or mRNA signal records when BLAT identity was set to 100%. Considering other transcriptional detection methods, such as gene chips, tilling arrays, and paired‐end ditags (PETs) \[Ng et al., [2005](#bib47){ref-type="ref"}\], there were still 37 novel loci (BLAT identity \> 97%) or 13 novel loci (BLAT identity = 100%) that had never been detected as transcriptional. Even after the great amount of reads obtained by deep‐sequencing technology (RNA‐seq) \[Wang et al., [2009](#bib69){ref-type="ref"}\] were taken into consideration by setting UCSC genome browser options for related "RNA‐seq" tracks to "full," there were still three novel loci (identity \> 97) that had never been detected as transcriptional by UCSC genome browser and other transcriptional detection methods (Table [IV](#tbl4){ref-type="table"}).

###### 

Novel Transcriptional Loci Addressed by UCSC Human Genome Browser

  Blat identity (%)   Amounts of loci lacking transcriptional signals                        
  ------------------- ------------------------------------------------- ----- ---- ---- ---- ---
  \>97                1,364                                             443   69   15   37   3
  \>98                1,318                                             425   64   15   35   3
  \>99                1,179                                             378   56   11   31   2
  =100                448                                               139   21   3    13   1

Method1---gene chips or tiling arrays.

Method2---paired‐end ditags (PETs).

Method3---RNA‐Seq.
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The result showed a potential extended covering of the transcriptional region in the human genome, which could be due to the use of random primers in generating the cDNA library.

Non‐Coding Genes in the Library {#sec2-12}
-------------------------------

Assembled sequences of the library were BlastN searched against miRBase database (Release 13.0), a collection of microRNA sequences with experimental evidence in related organisms. The result showed many matches with high similarity to pri‐miRNA sequences in the database, for example, 17, 5, and 5 transcripts matched to miRNA hairpins hsa‐mir‐1268, hsa‐mir‐566 (in *H. sapiens*), and ptr‐mir‐566 (in *pan troglodytes*) respectively, with coverage of over 95% or 100% (Table [V](#tbl5){ref-type="table"}). Among these, hsa‐mir‐566 and ptr‐mir‐566 belong to miRNA gene family mir‐566.

###### 

Transcripts With Significant Similarity to MicroRNAs

  Accession    Length (bp)   MicroRNA       MiR length (bp)   Coverage (%)   E‐Value   Identity (%)
  ------------ ------------- -------------- ----------------- -------------- --------- --------------
  a0_001869    342           hsa‐mir‐1268   52                100            2E−11     90.38
  Contig135    2,438                                          100            1E−10     90.38
  Contig161    1,589                                          100            7E−11     90.38
  Contig167    1,344                                          100            6E−11     90.38
  Contig203    2,565                                          100            1E−10     90.38
  Contig223    1,208                                          100            5E−11     90.38
  Contig241    1,696                                          100            3E−13     92.31
  Contig68     1,673                                          100            8E−11     90.38
  da0_001367   504                                            100            9E−14     92.31
  de_178       570                                            100            3E−11     90.38
  de0_00060    569                                            100            3E−11     90.38
  de0_003191   683                                            100            5E−16     94.23
  de0_003984   701                                            100            3E−11     90.38
  de0_004380   601                                            100            1E−13     92.31
  de0_005202   701                                            100            3E−11     90.38
  de0_006649   602                                            100            1E−13     92.31
  de0_012147   743                                            98.08          1E−10     90.2
  Contig135    2,438         hsa‐mir‐566    94                95.74          1E−28     92.22
  Contig223    1,208                                          95.74          2E−26     91.11
  Contig232    1,131                                          95.74          2E−26     91.11
  Contig251    814                                            95.74          1E−26     91.11
  de0_008873   649                                            95.74          9E−27     91.11
  Contig135    2,438         ptr‐mir‐566    93                96.77          1E−28     92.22
  Contig223    1,208                                          96.77          2E−26     91.11
  Contig232    1,131                                          96.77          2E−26     91.11
  Contig251    814                                            96.77          1E−26     91.11
  de0_008873   649                                            96.77          9E−27     91.11
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Assembled sequences were also searched against RNAdb (released date: September 2006), a comprehensive mammalian non‐coding RNA (ncRNA) database, which is a collection of several datasets that were constructed by different methods and materials. The result showed a total of 573 assembled sequences with high similarity to the known sequences registered in RNAdb. Table [VI](#tbl6){ref-type="table"} summarized the distribution of the assembled sequences matching to each dataset.

###### 

Statistics of Transcripts with Significant Similarity to Different Datasets of RNAdb[a](#fn8){ref-type="fn"}

  Datasets of RNAdb               rnaz   ncrnascan   evofold   fantom3   asoverlaps   snorna   hinv   combinedlit   pirna
  ------------------------------- ------ ----------- --------- --------- ------------ -------- ------ ------------- -------
  Number of matched transcripts   56     1           26        42        18           0        11     12            447

For dataset "pirna" the cut off values of coverage = 100%, identity = 100%, and E‐value \< 1E−7 were used; for other datasets, the cut off values of coverage \> 90%, identity \> 90%, and E‐value \< 1E−7 were used.
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A Venn was made to show the above alignment results (Fig. [3](#fig3){ref-type="fig"}). The diagram indicated that 1,110 assembled sequences belonged to the class of protein coding sequences which matched to RefSeq protein dataset and 578 assembled sequences belonged to the class of non‐coding sequences which matched to sequences from miRBase or RNAdb. Among these, 281 assembled sequences shared between the two classes, which matched to both coding and non‐coding datasets by locally aligning to sequences in the datasets with significant similarity.

![Venn diagram of the transcripts with similarities to sequences in coding and non‐coding datasets, showing the coding sequence class and the non‐coding sequence class, and an overlapping of 281 transcripts that shared between the two classes.](JMV-83-574-g003){#fig3}

Functional Classification Adopting the GO Annotation {#sec2-13}
----------------------------------------------------

The assembled sequences were then searched against EBI IPI (human 3.32) human protein dataset by BlastP (E‐value cut off: 1E−10). And with the help of the EBI human GOA (v53.0) file, GO annotation IDs of the best‐matching homologs in the IPI dataset were assigned to the transcripts, so as to study the provisional gene function distribution in the ontology categories by calculating the percentages or the relative counts of the transcripts that fell into each ontology category.

The GO annotations of the CoV‐infected library were contrasted with the GO annotations of other six human lung cDNA libraries downloaded from NCBI dbEST public database (Table [I](#tbl1){ref-type="table"}). MGC101 and MGC69 \[Gerhard et al., [2004](#bib23){ref-type="ref"}\] were the libraries from the lung tissues related with carcinoma. Libraries dbEST16438 \[Suzuki et al., [2004](#bib63){ref-type="ref"}\] and UICFEC1 \[Bonaldo et al., [1996](#bib8){ref-type="ref"}\] contained ESTs mainly from the fetal lung tissues. Libraries UICFDU1 \[Bonaldo et al., [1996](#bib8){ref-type="ref"}\] and dbEST249 \[Hillier et al., [1996](#bib29){ref-type="ref"}\] were ESTs from normal adult lung tissues. These six libraries were assembled and functional annotated in the same way as the CoV‐infected lung ESTs were processed.

For the three main GO categories (biological process, molecular function, and cellular component), the relative counts of GO annotation IDs were set to 100%. Since a transcript could match to homologs of different functions, therefore it was assigned different GO annotation IDs, that is, the transcript might fall into more than one second‐level GO categories, the relative counts of the second‐level GO categories inside a main category might add up over 100% owing to the great amount of tentative multiple function genes in the main category. The CoV‐infected library showed a significant small sum up value (257.91%, *P*‐value = 0.028) of the relative counts of the second‐level GO categories in the biological process main category, implying less tentative multiple function genes in the CoV‐infected lung tissue concerning biological process.

The relative counts of the CoV‐infected library were found to be significantly different from the relative counts of the other six human lung cDNA libraries (*P*‐value \< 0.05 by Wilcoxon Signed‐Rank Test) in 31 second‐level GO categories (Table [VII](#tbl7){ref-type="table"}, a full vision of Table [VII](#tbl7){ref-type="table"} was provided in Supplementary Table SIII). Among these, categories "virion" (6.89%), "extracellular region part" (7.66%), "virion part" (6.89%), "synapse part" (0.38%), "synapse" (1.14%), "motor activity" (2.26%), "auxiliary transport protein activity" (0.26%), "molecular transducer activity" (11.02%), "viral reproduction" (1.18%), and "multicellular organismal process" (17.15%) exhibited significantly higher relative counts in the CoV‐infected library (highest among the seven libraries). While in many categories with important functions, such as "enzyme regulator activity" (2.36%), "translation regulator activity" (0.52%), "immune system process" (2.36%), "metabolic process" (65.08%), "developmental process1" (16.56%), "growth" (1.18%), "response to stimulus" (6.21%), "localization" (17.15%), and "biological regulation" (19.23%), the CoV‐infected library showed significantly lower relative counts (lowest among the seven libraries).

###### 

Gene Ontology Comparison of the SARS‐CoV Library against Other Six Human Lung Tissue Libraries

  Categories                              Libraries (brief description)           *P*‐value                                                                                         
  --------------------------------------- --------------------------------------- ---------------- ---------------- -------------- ---------------- ---------------- -------------- -------
  Cellular component                      261 (100%)                              2,735 (100%)     1,962 (100%)     962 (100%)     1,846 (100%)     1,376 (100%)     951 (100%)     
   Cell                                   239 (91.57%)↓[a](#fn9){ref-type="fn"}   2,620 (95.79%)   1,894 (96.53%)   917 (95.32%)   1,721 (93.22%)   1,306 (94.91%)   872 (91.69%)   0.028
   Virion                                 18 (6.89%)↑                             1 (0.03%)        0 (0.00%)        0 (0.00%)      3 (0.16%)        1 (0.07%)        5 (0.52%)      0.027
   Envelope                               8 (3.06%)↓                              126 (4.60%)      413 (21.04%)     43 (4.46%)     85 (4.60%)       81 (5.88%)       47 (4.94%)     0.027
   Macromolecular complex                 39 (14.94%)↓                            779 (28.48%)     772 (39.34%)     237 (24.63%)   503 (27.24%)     411 (29.86%)     294 (30.91%)   0.028
   Organelle                              131 (50.19%)↓                           1,850 (67.64%)   1,439 (73.34%)   633 (65.80%)   1,163 (63.00%)   910 (66.13%)     576 (60.56%)   0.028
   Extracellular region part              20 (7.66%)↑                             88 (3.21%)       54 (2.75%)       42 (4.36%)     96 (5.20%)       31 (2.25%)       50 (5.25%)     0.028
   Organelle part                         68 (26.05%)↓                            836 (30.56%)     818 (41.69%)     263 (27.33%)   517 (28.00%)     422 (30.66%)     282 (29.65%)   0.028
   Virion part                            18 (6.89%)↑                             1 (0.03%)        0 (0.00%)        0 (0.00%)      3 (0.16%)        1 (0.07%)        5 (0.52%)      0.027
   Synapse part                           1 (0.38%)↑                              4 (0.14%)        1 (0.05%)        0 (0.00%)      1 (0.05%)        0 (0.00%)        3 (0.31%)      0.027
   Cell part                              239 (91.57%)↓                           2,620 (95.79%)   1,894 (96.53%)   917 (95.32%)   1,721 (93.22%)   1,306 (94.91%)   872 (91.69%)   0.028
   Synapse                                3 (1.14%)↑                              8 (0.29%)        3 (0.15%)        3 (0.31%)      7 (0.37%)        0 (0.00%)        4 (0.42%)      0.028
  Molecular function                      381 (100%)                              3,129 (100%)     2,058 (100%)     1,077 (100%)   2,106 (100%)     1,593 (100%)     1,121 (100%)   
   Motor activity                         10 (2.62%)↑                             35 (1.11%)       16 (0.77%)       16 (1.48%)     19 (0.90%)       16 (1.00%)       11 (0.98%)     0.028
   Auxiliary transport protein activity   1 (0.26%)↑                              0(0.00%)         0 (0.00%)        2 (0.18%)      3 (0.14%)        2 (0.12%)        0 (0.00%)      0.026
   Chaperone regulator activity           0 (0.00%)↓                              2 (0.06%)        2 (0.09%)        0 (0.00%)      5 (0.23%)        4 (0.25%)        1 (0.08%)      0.043
   Enzyme regulator activity              9 (2.36%)↓                              148 (4.72%)      63 (3.06%)       60 (5.57%)     86 (4.08%)       60 (3.76%)       54 (4.81%)     0.028
   Translation regulator activity         2 (0.52%)↓                              81 (2.58%)       55 (2.67%)       25 (2.32%)     43 (2.04%)       41 (2.57%)       30 (2.67%)     0.027
   Molecular transducer activity          42 (11.02%)↑                            176 (5.62%)      108 (5.24%)      81 (7.52%)     122 (5.79%)      84 (5.27%)       76 (6.77%)     0.028
  Biological process                      338 (100%)                              2,746 (100%)     1,943 (100%)     975 (100%)     1,901 (100%)     1,403 (100%)     1,020 (100%)   
   Cell killing                           0 (0.00%)↓                              13 (0.47%)       3 (0.15%)        0 (0.00%)      5 (0.26%)        2 (0.14%)        1 (0.09%)      0.043
   Immune system process                  8 (2.36%)↓                              108 (3.93%)      66 (3.39%)       37 (3.79%)     94 (4.94%)       59 (4.20%)       79 (7.74%)     0.028
   Metabolic process                      220 (65.08%)↓                           1,856 (67.58%)   1,474 (75.86%)   669 (68.61%)   1,331 (70.01%)   1,027 (73.20%)   743 (72.84%)   0.028
   Viral reproduction                     4 (1.18%)↑                              11 (0.40%)       12 (0.61%)       2 (0.20%)      5 (0.26%)        8 (0.57%)        6 (0.58%)      0.028
   Multicellular organismal process       58 (17.15%)↑                            373 (13.58%)     218 (11.21%)     131 (13.43%)   289 (15.20%)     165 (11.76%)     133 (13.03%)   0.028
   Developmental process                  56 (16.56%)↓                            678 (24.69%)     331 (17.03%)     237 (24.30%)   442 (23.25%)     294 (20.95%)     205 (20.09%)   0.028
   Growth                                 4 (1.18%)↓                              62 (2.25%)       23 (1.18%)       14 (1.43%)     32 (1.68%)       18 (1.28%)       14 (1.37%)     0.043
   Locomotion                             0 (0.00%)↓                              21 (0.76%)       3 (0.15%)        7 (0.71%)      7 (0.36%)        2 (0.14%)        4 (0.39%)      0.028
   Rhythmic process                       0 (0.00%)↓                              12 (0.43%)       3 (0.15%)        5 (0.51%)      5 (0.26%)        5 (0.35%)        1 (0.09%)      0.028
   Response to stimulus                   21 (6.21%)↓                             322 (11.72%)     225 (11.58%)     128 (13.12%)   247 (12.99%)     178 (12.68%)     151 (14.80%)   0.028
   Localization                           58 (17.15%)↓                            59 (21.63%)      533 (27.43%)     232 (23.79%)   357 (18.77%)     251 (17.89%)     184 (18.03%)   0.028
   Establishment of localization          53 (15.68%)↓                            514 (18.71%)     489 (25.16%)     202 (20.71%)   317 (16.67%)     232 (16.53%)     163 (15.98%)   0.028
   Maintenance of localization            0 (0.00%)↓                              18 (0.65%)       14 (0.72%)       7 (0.71%)      6 (0.31%)        10 (0.71%)       8 (0.78%)      0.027
   Biological regulation                  65 (19.23%)↓                            876 (31.90%)     431 (22.18%)     317 (32.51%)   581 (30.56%)     37 7(26.87%)     277 (27.15%)   0.028

Only those second level GO categories with significant relative count differences were considered and discussed where the relative counts of the SARS‐CoV library were the highest or the lowest among the seven libraries. Difference significances were tested by the statistic method of Wilcoxon Signed‐Rank test with *P*‐value \< 0.05.
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Statistics of the annotation analysis (Table [VIII](#tbl8){ref-type="table"}) indicated that the library tended to contain more novel transcripts (78.5%) comparing to other lung tissue libraries (5.4--71.2%). In the CoV‐infected library, transcripts matching to IPI proteins accounted for only 21.45%, and the sequences with GO assignments accounted for only 25.18% of the matched sequences. While in the other libraries, transcripts matching to IPI proteins accounted for 28.7--94.5%, and the sequences with GO assignments accounted for 59--78% of the matched sequences. The result suggested that a random‐primer‐generated library is valid for transcript diversity.

###### 

Statistical Comparison of Transcripts Matching to Annotated Sequences Among the Seven Libraries

  Labraries      EST numbers   Numbers of assembled sequence (ESTs per. assembled sequence)   Numbers of sequences matched to IPI proteins (/sequence number %)   Numbers of matched sequences with GO assignments (/matched number %)
  -------------- ------------- -------------------------------------------------------------- ------------------------------------------------------------------- ----------------------------------------------------------------------
  SARS‐CoV Inf   10,594        7,872 (1.35)                                                   1,689 (21.45%)                                                      425 (25.18%)
  MGC101         9,166         5,250 (1.75)                                                   4,446 (84.69%)                                                      3,391 (76.27%)
  MGC69          9,748         5,366 (1.82)                                                   2,929 (54.58%)                                                      2,249 (76.78%)
  UICFEC1        12,971        7,455 (1.74)                                                   3,509 (47.07%)                                                      2,335 (66.54%)
  dbEST16438     3,339         1,598 (2.09)                                                   1,511 (94.56%)                                                      1,181 (78.16%)
  UICFDU1        12,742        7,383 (1.73)                                                   2,861 (38.75%)                                                      1,766 (61.73%)
  dbEST249       13,244        7,244 (1.83)                                                   2,081 (28.73%)                                                      1,229 (59.06%)
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DISCUSSION {#sec1-4}
==========

RT‐PCR has been used to detect SARS‐CoV in lung autopsy material in several cases \[Nicholls et al., [2003](#bib48){ref-type="ref"}, [2006](#bib49){ref-type="ref"}; Ding et al., [2004](#bib18){ref-type="ref"}\]. Although most positive results have been achieved by sequence‐specific primers, PCR strategy using random primers in conjunction with the microarray was reported effective in detecting RNA viruses from potato tissue culture plantlets and human respiratory specimens \[Wang et al., [2002](#bib67){ref-type="ref"}; Agindotan and Perry, [2007](#bib1){ref-type="ref"}\]. The library used in this study was a reverse‐transcribed cDNA library generated with random hexamer primers from total RNA of SARS‐CoV infected lung tissue. There were 162 ESTs in the library that were identified as SARS‐CoV sequences, which accounted for about 1.5% of the total cDNAs, indicating a relatively high viral load in the sample.

This study also detected sequences from several pneumonia‐associated mycoplasma and bacteria. Clones were found matching with high similarity to the sequences of the species *M. hominis*, *Mycoplasma arginini*, *Pseudomonas aeruginosa*, and *Stenotrophom onasmaltophilia*, implying the presence of co‐infections in this case, which were probably related to longer disease durations. Co‐infections have been reported in several SARS cases \[Nicholls et al., [2003](#bib48){ref-type="ref"}; Chong et al., [2004](#bib14){ref-type="ref"}; Hwang et al., [2005](#bib32){ref-type="ref"}\]. SARS‐CoV seems to impair the phagocytic capacity of macrophages, which may render SARS patients prone to secondary pulmonary infections \[Tseng et al., [2005](#bib66){ref-type="ref"}\]. And invasion of the viral pneumonia damaged lungs by pathogenic bacteria may result in secondary bacterial pneumonia \[Strauss and Strauss, [2002](#bib62){ref-type="ref"}\].

Although clinical evaluations of immune response have been carried out at different time points in the course of the SARS infection, the observations cannot be confirmed because the same immune mediators were not sought or found by different investigators \[Chen and Subbarao, [2007](#bib12){ref-type="ref"}\]. The library from this study provided a set of active genes that might be associated with the host immune response (Additional file 1: Table SII) in lung at the death stage of SARS infection, for example, a large number of transcripts associated with cytokines, chemokines, and their receptors. Interestingly, transcripts associated with the hepatitis A virus cellular receptor 2, the HIV‐1 binding protein, and the virus‐induced signaling adapter were identified, suggesting the sharing of some mechanisms among SARS‐CoV infection and the infections of other RNA viruses.

ESTs matching with RNA datasets accounted for 36.56%, while ESTs matching with NCBI RefSeq human datasets accounted for only 14.10% in the library from this study (Fig. [2](#fig2){ref-type="fig"}), which was consistent with the fact that less than 2% of the human genome is translated into protein, yet more than 40% of the genome is thought to be transcribed into RNA \[Cheng et al., [2005](#bib13){ref-type="ref"}\]. It was reported that a large proportion of the transcripts in human and mouse were unique to the largely unstudied poly(A−) fractions of the transcriptome \[Cheng et al., [2005](#bib13){ref-type="ref"}; Kiyosawa et al., [2005](#bib37){ref-type="ref"}\]. In addition, recent studies revealed that protein‐coding loci are more transcriptionally complex than previously thought, and there is often no clear distinction between splice variants and overlapping and neighboring genes \[Carninci et al., [2005](#bib11){ref-type="ref"}; Birney et al., [2007](#bib6){ref-type="ref"}\]. This might explain to some extent why, in the present study, most ESTs matching to known proteins with coverage less than 70% (Fig. [2](#fig2){ref-type="fig"}).

It appears that much more of the human genome is transcribed than was previously appreciated. Genomic tiling arrays revealed a large number of novel transcribed regions throughout the ENCODE region from different cell types and NB4 cells treated with different conditions \[Rozowsky et al., [2006](#bib59){ref-type="ref"}\]. 5′‐RACE and 3′‐RACE sequencing uncovered transcription in previous non‐transcribed regions of the human genome \[Wu et al., [2008](#bib71){ref-type="ref"}\]. These two studies focused on the poly(A+) RNAs and transcripts were obtained by specific primers. The present study revealed 448 novel transcriptional loci lacking EST or mRNA signal records (Table [IV](#tbl4){ref-type="table"}). Among these, at least 37 (BLAT identity \> 97%) or 13 (BLAT identity = 100%) loci were not detected before as transcriptional by other methods such as gene chips, tiling arrays, and PETs, indicating the benefit of random primer method in transcriptome studies.

Nowadays, a great amount of short reads obtained by the deep‐sequencing technology (RNA‐seq) is covering more of the human transcriptome. After taking into consideration of the RNA‐seq, at least 15 novel transcriptional loci (BLAT identity \> 97%) were still found where EST or RNA‐seq records were lacking (Table [IV](#tbl4){ref-type="table"}). Additionally, RNA‐seq libraries downloaded from NCBI were mapped to the transcripts of the SARS‐CoV library and the "reads of match per kilo base" was calculated. The result showed that novel ESTs (1,364 transcripts without EST signal, see Table [IV](#tbl4){ref-type="table"}) in the library exhibited relatively poor matches (Supplementary Table SIV), indicating that novel ESTs in the library had less chance of presence in the datasets obtained by deep‐sequencing technologies.

This study also revealed 281 assembled sequences that matched with both protein sequence data and ncRNA sequence data (Fig. [3](#fig3){ref-type="fig"}), which might result from the parallel production of protein‐coding sequences, regulatory ncRNAs, and introns. The latter, perhaps as a major source of regulatory ncRNAs, accounted for at least 30% of the human genome \[Mattick and Makunin, [2006](#bib44){ref-type="ref"}\]. Some of the ncRNAs including microRNAs found in this study might be related with the pathology of SARS‐CoV infection and worth for further studying. Recent reports provided strong evidence that microRNAs and other ncRNAs are linked to the pathological conditions of some human diseases \[Costa, [2007](#bib15){ref-type="ref"}\]. Viral transcripts were also regulated by Host‐encoded miRNAs. Human miR‐32 has been reported to restrict the replication of primate foamy virus type 1 (PFV‐1) \[Lecellier et al., [2005](#bib41){ref-type="ref"}\]. The 3′ portion of HIV‐1 mRNAs was shown to be redundantly targeted for repression by a cluster of human miRNAs \[Huang et al., [2007](#bib31){ref-type="ref"}\]. It was demonstrated that IFNα/β up regulated several cellular miRNAs that are capable of inhibiting hepatitis C virus (HCV) replication and infection. Down regulation of miR‐122 in response to IFNβ further contributes to the antiviral effects \[Pedersen et al., [2007](#bib52){ref-type="ref"}\].

In addition, function annotation and comparison of the SARS‐CoV library with other six libraries also revealed the SARS‐CoV infected lung library a significantly higher relative GO annotation ID counts of categories "virion" and "virion part," which belonged to human endogenous retrovirus (HERV) genes, mainly HERV‐H, HERV‐K, and HERV‐W being identified in this study. Genome sequencing revealed that 8% of the human genome consists of HERVs \[Medstrand et al., [2002](#bib45){ref-type="ref"}; Bannert and Kurth, [2004](#bib5){ref-type="ref"}\]. Different endogenous retroviruses also exhibit differential responsiveness to environmental signals and activation of the immune system \[Taruscio and Mantovani, [2004](#bib65){ref-type="ref"}\]. It was reported that the expression of HERVs was affected by cytokines \[Katsumata et al., [1999](#bib35){ref-type="ref"}; Schneider et al., [2001](#bib61){ref-type="ref"}\] and steroids \[Ono et al., [1987](#bib50){ref-type="ref"}\]. Recent report showed that HIV‐1 infection leads to HERV expression and stimulation of a HERV‐specific CD8+ T cell response \[Garrison et al., [2007](#bib22){ref-type="ref"}\]. The high level HERVs expression in this case might imply the steroid hormone therapy in the severe patient.

According to the function annotation results, synapse‐associated proteins were also over expressed in the SARS‐CoV infected library (0.38% in "synapse part" and 1.14% in "synapse"). Proteins in these categories were lipid‐binding proteins in the synaptic vesicle, such as synaptotagmin and synaptoporin, and the postsynaptic element, such as cholinergic receptor. Since a line of evidence showed that steroid hormone increased synapse density \[Jelks et al., [2007](#bib33){ref-type="ref"}\] or up‐regulated the expression of synaptic proteins \[Crispino et al., [1999](#bib16){ref-type="ref"}; Rune et al., [2002](#bib60){ref-type="ref"}; Kretz et al., [2004](#bib38){ref-type="ref"}\], the high level expression of synaptic proteins in this case should have resulted from the high dose corticosteroids therapy in the severe patient.

"Motor activity" was another category that was over expressed in the SARS‐CoV infected library (2.62%). These proteins were isoforms of myosims, Dynein heavy chains, and Kinesin‐like proteins. Since many studies have indicated that viruses exploit cytoskeletal dynamics and viral particles recruit molecular motors in order to hitchhike rides to different subcellular sites \[Fackler and Krausslich, [2006](#bib21){ref-type="ref"}; Greber and Way, [2006](#bib24){ref-type="ref"}; Radtke et al., [2006](#bib58){ref-type="ref"}\], the high level expression of motor proteins in this case might suggest the active intracellular transportation of SARS‐CoV particles.

Besides "motor activity," categories "molecular transducer activity" and "multicellular organismal process" also exhibited the largest relative counts in the SARS‐CoV infected library (11.02% and 17.15%, respectively) comparing to other libraries. Many sequences matching with proteins involved in cytoskeletal dynamics and endocytosis were found (Supplementary Table SII). The result was consistent with the result of a recent study that SARS‐CoV entered cells through direct fusion with the plasma membrane as well as a clathrin‐ and caveolae‐independent endocytic mechanism mediated by cholesterol‐ and sphingolipid lipid raft microdomains \[Wang et al., [2008](#bib68){ref-type="ref"}\] and also consistent with the results of other studies that cytoskeleton reorganization and cellular signal transduction as well as endocytosis were inextricably linked \[Balklava and Grant, [2005](#bib4){ref-type="ref"}; Pelkmans, [2005](#bib53){ref-type="ref"}; Pelkmans et al., [2005](#bib54){ref-type="ref"}\]. The result suggested the active processes of viral endocytosis and viral particle spread in the SARS‐CoV infected tissue.

Although one should remember that the above function annotation results have been obtained by comparison between the SARS‐CoV library and other six libraries that were generated with a different methodology and therefore hard to compare, the comparison did provide us with helpful and valuable information, which could be useful for future researches on related fields.

The results from the present study demonstrated that ESTs generated by random primers had favorable advances for revealing the transcript diversity in human transcriptome. In other words, the random primer library provided complex information of the total RNA in a specific tissue. Exhaustive survey of the cDNA library generated with random primers from lung tissue of a SARS patient obtained at least five important results: (1) foreign sequences including the SARS‐CoV virus and other agents of accompanying infections were identified; (2) many sequences matching with significant similarity to the known or predicted ncRNAs were revealed; (3) revealed a majority of sequences matching to human protein sequences with significant similarity, but with relatively low coverage, and sequences matching to both human protein sequences and ncRNAs simultaneously; (4) lots of sequences were mapped to novel transcriptional regions in human genome with 100% identity; (5) the library tended to contain more novel transcripts comparing to other lung tissue libraries (Table [VIII](#tbl8){ref-type="table"}).
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